1. Introduction {#sec0001}
===============

γ-Glutamyltranspeptidase (GGT) is a member of the N-terminal nucleophile (Ntn) hydrolase superfamily \[[@bib1]\] and catalyzes the transfer of the γ-glutamyl moiety of glutathione to an acceptor that may be an amino acid, a short peptide or water \[[@bib2]\]. The enzyme plays a key role in the γ-glutamyl cycle, a pathway for the synthesis and degradation of glutathione and drug and xenobiotic detoxification \[[@bib3]\]. Mammalian GGT is a transmembrane glycoprotein with its active site exposed to the outside surface of the membrane, where γ-glutamyl moieties of glutathione are supposed to be cleaved and transferred to amino acids leading to the formation of γ-glutamyl amino acids that are then imported into the cell by glutathione-GGT-mediated amino acid transport pathway \[[@bib4]\]. In this regard, the hydrolysis of the γ-glutamyl linkage of extracellular glutathione allows the cell to use this antioxidant compound as a good source of cysteine for the increased synthesis of intracellular glutathione \[[@bib5]\]. As an antioxidant molecule, glutathione plays an important part in providing vital cellular protection against the reactive oxygen species, such as hydrogen peroxide, generated by aerobic respiration \[[@bib6]\]. Thus, GGT-dependent breakdown of glutathione in eukaryotes aids maintenance of cellular glutathione levels and increased cellular resistance to hydrogen peroxide-induced injury \[[@bib7]\]. In *Helicobacter pylori*, GGT has been shown to be involved in bacterial colonization of the gastric mucosa of mice \[[@bib8],[@bib9]\], potentially by participating in the *de novo* synthesis of essential amino acids and thus enabling survival *in vivo*. The enzyme possesses an apoptosis-inducing activity \[[@bib10]\] and can up-regulate COX-2 and EGF-related peptide expression in human gastric cells \[[@bib11]\]. The contribution of GGT to *Campylobacter jejuni* virulence and colonization of the avian gut has also been reported \[[@bib12]\]. Additionally, GGT appears to provide an advantage for the multiplication of *Neisseria meningitidis* during environmental cysteine shortage by supplying cysteine from environmental peptides \[[@bib13]\].

GGT genes are translated as a unique polypeptide, which then undergoes an autocatalytic cleavage to form either a heterodimeric or heterotetrameric enzyme consisting of the typical large (L) and small (S) subunits. The molecular masses of the two chains are commonly found in a range of 38--72 kDa for the L subunit and 20--66 kDa for the S subunit \[[@bib8],[@bib14; @bib15; @bib16; @bib17; @bib18; @bib19]\], respectively. Such a high variation in the molecular masses of these two subunits can be adequately explained by the high glycosylation of the animal and plant enzymes \[[@bib20],[@bib21]\]. The amino acid sequence of the S subunits, which contains most of the residues required for the formation of catalytic site, is slightly more conserved than that of the L subunits \[[@bib22],[@bib23]\]. Furthermore, a strictly conserved threonine residue in the S subunit of GGT enzymes, such as Thr391 of *Escherichia coli* GGT (*Ec*GGT) \[[@bib24]\], Thr380 of *H. pylori* GGT (*Hp*GGT) \[[@bib25]\] and Thr399 of *Bacillus licheniformis* GGT (*Bl*GGT) \[[@bib26]\], serves as the N-terminal nucleophile and is essential for the maturation of the inactive precursors. The proposed mechanism for the autocatalytic processing of *Bl*GGT is shown in [Fig. 1](#fig0001){ref-type="fig"}(A). Firstly, the hydroxyl group of the side chain of the conserved threonine residue of the precursor proteins performs a nucleophilic attack on the carbonyl group of the preceding glutamate residue to form a transitional tetrahedral intermediate. The cleavage of the C--N bond through protonation of the amino group of the Thr residue forms an ester intermediate (N--O acyl shift), which is then hydrolyzed by a water molecule to produce a L subunit and a S subunit.

The putative *B. licheniformis ggt* gene can be translated into a 61.259-kDa polypeptide precursor consisting of a signal peptide of 25 residues, a L-subunit of 374 residues, and a S-subunit of 187 residues (Swiss-Prot Q65KZ6). The *ggt* gene encoding *Bl*GGT was previously cloned and over-expressed in *E. coli* M15 cells \[[@bib14]\]. Deletion analysis of the recombinant enzyme has demonstrated that the C-terminal sequences are critical for its functional expression in host cells \[[@bib27]\]. Sequence comparison shows that a threonine residue (corresponds to Thr399 of *Bl*GGT) is strictly conserved in the aligned enzymes and mostly either a glutamine or a glutamate is present at the amino acid position corresponding to glutamate 398 of *Bl*GGT ([Fig. 1](#fig0001){ref-type="fig"}(B)). Although the involvement of a conserved threonine residue in the autoproteolytic cleavage of GGT enzymes has been extensively explored \[[@bib24; @bib25],[@bib28]\], there is still no report dealing with the importance of the preceding glutamine/glutamate residue on the maturation process of the precursor proteins. In this study, we substituted glutamate 398 of *Bl*GGT with other amino acids in order to gain insight into the role of this residue. Mutations of this glutamate residue have been found to impair the autocatalytic processing of *Bl*GGT, indicating that it might play a crucial role in the maturation of enzyme precursor.

2. Results {#sec0002}
==========

2.1. Characterization of wild-type and mutant enzymes {#sec0003}
-----------------------------------------------------

Following expression and metal affinity chromatography, wild-type and mutant enzymes were subjected to SDS--PAGE analysis ([Fig. 2](#fig0002){ref-type="fig"}). Gel electrophoresis results showed that the target proteins can be purified to near homogeneity from the crude extracts in a single chromatographic step. As shown in [Fig. 2](#fig0002){ref-type="fig"}, most of *Bl*GGT and E398Q proteins were autocatalytically processed to yield a L subunit and a S subunit. The purified wild-type enzyme had a specific activity of 13.68 U/mg protein. The specific activity for E398K and E398Q was 0.25 and 12.71 U/mg protein, respectively, but the GGT activity was completely abolished in the remaining mutant enzymes.

The kinetic parameters for *Bl*GGT, E398K and E398Q were also determined. The *K*~M~ and *k*~cat~ values for *Bl*GGT were 0.39 mM and 23.3 s^−1^, respectively. Kinetic values of E398Q were essentially consistent with those of the wild-type enzyme, whereas E398K showed more than 0.27-fold increase in *K*~M~ value and 57.3-fold decrease in *k*~cat~, leading to 41.5-fold reduction in the catalytic efficiency. These results suggest that Glu398 is a crucial residue for *Bl*GGT.

2.2. Structural analyses {#sec0004}
------------------------

To evaluate how the secondary structural elements of *Bl*GGT were affected by the mutations, we analyzed far-UV CD spectral profiles of wild-type and mutant enzymes. The CD spectrum of *Bl*GGT displayed strong peaks of negative ellipticity at 208 and 222 nm, indicative of a substantial α-helical content ([Fig. 3](#fig0003){ref-type="fig"}(A)). The spectrometric characteristic of all mutant enzymes strongly resembled those of the wild-type protein. The spectra were further quantitatively analyzed by the DICHOWER server \[[@bib29]\]. The normalized root-mean-square derivation values of the data fitting for *Bl*GGT and its variants were found to be less than 0.1 units, reflecting an excellent quality of the fit parameters \[[@bib30]\]. The helical contents of *Bl*GGT, E398A, E398D, E398K, and E398Q were calculated to be 44%, 44%, 41%, 41%, and 42%, respectively, and the β-sheet contents were 17%, 20%, 21%, 20%, and 19%, respectively. These values confirm that no notable change in the secondary structural elements of *Bl*GGT has been occurred as a consequence of mutations.

Thermal unfolding transitions of wild-type and mutant *Bl*GGTs followed by the loss of ellipticity at 222 nm with the increase of temperature was also investigated ([Fig. 3](#fig0003){ref-type="fig"}(B)). The transition for *Bl*GGT started at about 48 °C and had a midpoint of 64 °C. The *T*~m~ value of E398Q was close to the wild-type enzyme, whereas the midpoint temperatures for the inactive variants were dramatically decreased to less than 56 °C. These results clearly indicate that replacement of glutamate 398 with alanine, aspartate, or arginine has a detrimental effect on the thermal stability of *Bl*GGT.

Fluorescence spectra provide a sensitive means to analyze proteins and their confirmation. The spectrum is determined chiefly by the polarity of the environment of the tryptophan residue and by any specific interactions with nearby side chains \[[@bib31]\]. Based on this principle, tryptophan fluorescence spectrum of *Bl*GGT was characterized by a peak centered at 343 nm ([Fig. 1S](#sec0018){ref-type="sec"}). The mutant enzymes had fluorescence spectra qualitatively similar to that of the wild-type protein. However, the fluorescence intensity of mutant proteins was either quenched by 4.2--7.4% or enhanced by 6.7--51% with respect to *Bl*GGT. These observations suggest that amino acid replacements at position 398 cause minor structural changes in the enzyme.

2.3. Unfolding of *Bl*GGT and its variants by GdnHCl {#sec0005}
----------------------------------------------------

The functionality of proteins depends on their ability to acquire a unique tertiary structure. GdnHCl is commonly used as a protein denaturant to generally bring about unfolding of proteins by disrupting their secondary and tertiary structures \[[@bib32]\]. Since *Bl*GGT has a total of four tryptophanyl residues, GdnHCl-induced unfolding is very suitable for studying the conformational stability of the enzyme and its variants. Unfolding of these proteins at different concentrations of GdnHCl was therefore performed and the experimental data were shown in [Fig. 4](#fig0004){ref-type="fig"}(A). The AEW, which is simply the intensity weighted average of all of the wavelengths scanned, was used to calculate the thermodynamic parameters of the unfolding process. The wild-type enzyme started to unfold at 1.92 M denaturant with \[GdnHCl\]~0.5,N--U~ of 3.07 M. The calculated free energy change (${\Delta G}_{\text{N} - U}^{H_{2}O}$) for the N → U process is 14.53 kcal/mol. The fluorescence signal of mutant enzymes also followed a monphasic process ([Fig. 4](#fig0004){ref-type="fig"}(A)), which showed \[GdnHCl\]~0.5,N--U~ of 1.31--2.99 M corresponding to of 3.29--12.05 kcal/mol for the N → U process.

GdnHCl-induced unfolding of *Bl*GGT and its variants was also carried out to explore the effect of this denaturant on their secondary structure. The effect of increasing GdnHCl concentrations on the ellipticity of *Bl*GGT at 222 nm is illustrated in [Fig. 4](#fig0004){ref-type="fig"}(B). A large decrease in the negative ellipticity was observed at GdnHCl concentrations between 2.4 and 3.1 M, indicating a significant disruption in the secondary structure of the enzyme under these conditions. It is worth noting that E398K was very sensitive to GdnHCl-induced denaturation respective to the wild-type enzyme. By fitting with [Eq. (2)](#eq0002){ref-type="disp-formula"}, *Bl*GGT showed \[GdnHCl\]~0.5,N--U~ of 2.86 M, corresponding to a free energy change of 13.04 kcal/mol for the N → U process. The \[GdnHCl\]~0.5,N--U~ value of four mutant enzymes was in the range of 1.35--2.97 M equivalent to a free energy change of 5.45--12.29 kcal/mol.

2.4. *In vitro* maturation of the purified proteins {#sec0006}
---------------------------------------------------

Maturation of the purified proteins in the elution buffer was monitored at 4 °C. At the indicated time intervals, the amount of precursors was recorded and the GGT activity was simultaneously assayed. As shown in [Figs. 5](#fig0005){ref-type="fig"}(A) and [2S](#sec0018){ref-type="sec"}, *Bl*GGT and E398Q were mainly present as a mature form after the affinity chromatography. Almost all the precursors of these two proteins were processed within the first week of incubation. The autocatalytic processing of E398A and E398K occurred very slowly compared to the wild-type protein ([Fig. 5](#fig0005){ref-type="fig"}(A)). However, E398D was not processed at all even after two months of incubation. The GGT activity of E398A and E398K increased linearly during the first month of maturation and was entering a retarded stage beyond the incubation period of 35 days ([Fig. 5](#fig0005){ref-type="fig"}(B)). As expected, the unprocessed variant E398D was inactive all the time. These observations indicate that amino acid side chains at position 398 play a fundamental role in the maturation of *Bl*GGT.

3. Discussion {#sec0007}
=============

A general feature for the members of the Ntn-hydrolase superfamily is the autocatalytic processing of inactive precursors to generate a catalytic serine, threonine, or cysteine at their N-terminal ends \[[@bib1],[@bib33]\]. Site-directed mutagenesis of the catalytic threonine residue of GGT enzymes definitely creates a protein unable to carry out the autocatalytic maturation. In the cases of *Hp*GGT and *Ec*GGT, substitution of this threonine residue by Ala has been shown to result in the formation of an inactive and homodimeric precursor \[[@bib34],[@bib35]\]. However, the corresponding replacement in *Gt*GGT leads to the production of a homotetrameric precursor with a low hydrolase activity, which has been proposed due to a solvent molecule that mimics the hydroxyl group of the catalytic threonine side chain \[[@bib28]\]. Although all these studies have proved the involvement of a conserved Thr residue in the autocatalytic processing of GGT enzymes, role exploration into amino acid residues situated at the vicinity of this catalytic Thr residue is mostly lacking. As shown in [Fig. 1](#fig0001){ref-type="fig"}(B), either a glutamate or a glutamine corresponding to amino acid position 398 of *Bl*GGT is largely present in the preceding position of the catalytic Thr residue. The conservation of these two kinds of residues throughout the evolution of GGT enzymes allowed us to make rational prediction of their structural importance. In fact, except for the glutamine replacement, our mutagenesis results have shown that glutamate 398 could not be replaced without affecting the maturation of this enzyme.

The structure of the inactive precursor is known for a number of Ntn-hydrolases, including aspartylglucosaminidase \[[@bib36]\], proteasome \[[@bib37]\], glutaryl 7-aminocephalosporanic acid acylase \[[@bib38]\], and GGT \[[@bib35]\]. The structural information has been collected by exploring the mutagenized native polypeptides with a prevented or delayed activation step. Several other publications of Ntn-hydrolases have further provided insights into the molecular details of precursor processing \[[@bib24],[@bib39; @bib40; @bib41; @bib42; @bib43]\]. In an autocatalytic reaction, the hydroxyl oxygen of the side chain of the catalytic Thr residue forms a covalent bond to the carbonyl carbon of the preceding residue probably resulting in a tetrahedral intermediate, which may be stabilized by an oxyanion hole \[[@bib36],[@bib42]\]. In bacterial AGA precursor structures, they contain a high-energy distorted *trans* peptide bond between Thr206 and its preceding residue \[[@bib36]\], which is a potential driving force for the N → O shift \[[@bib44]\]. Accordingly, conformational strain of the activation site was reported in proteasome \[[@bib37]\] and glutaryl 7-aminocephalosporanic acid acylase \[[@bib38]\]. Oligomerization of AGA precursor molecules has been further elucidated as a prerequisite for the autocatalytic activation \[[@bib42],[@bib44]\] and may create a conformational strain at the activation site, which is released by the cleavage of the scissile peptide bond. In this research, the biophysical data reveal that E398Q protein is structurally similar to the wild-type enzyme. However, the remaining variants have a different conformation with respect to *Bl*GGT, and thus it would be speculative to conclude that the presence of Ala, Lys and Asp at amino acid position 398 can be detrimental to the autocatalytic processing of the enzyme. The *in vitro* maturation of E398A, E398K and E398D further proved that these replacements have a negative effect on the autocatalytic processing of *Bl*GGT ([Fig. 5](#fig0005){ref-type="fig"}). Although the structural information of GGT precursor proteins is still limited, *E. coli* T391A protein may provide a structural basis for a better understanding of the autocatalytic processing mechanism of this enzyme group \[[@bib35]\]. We therefore modeled the molecular structure of *Bl*GGT precursor protein using *E. coli* T391A protein as the template. As shown in [Fig. 6](#fig0006){ref-type="fig"}(A), the local confirmations of Ala399 of the T399A protein and Thr399 of the mature *Bl*GGT are very similar. Interestingly, a water molecule has been proposed to enhance the nucleophilicity of the Oγ atom of Thr391 \[[@bib24]\]. The distances between the corresponding water and Ile396 O and Gly482 N of T399A protein are 2.6 and 2.8 Å, respectively. When the model of mature *Bl*GGT is superimposed with that of T399A protein, the distance between this water and Thr399 Oγ is estimated to be 2.7 Å. It is likely that rotation around the Cα--Cβ bond of Thr399 and displacement of this water molecule occur in the precursor protein so as to optimize the hydrogen-bonding geometry with its surrounding residues ([Fig. 6](#fig0006){ref-type="fig"}(A)). Moreover, the Oγ atom of Thr399 is located at the carbonyl carbon atom between Glu398 and Thr399. This geometry facilitates the nucleophilic enhancement of Thr399 Oγ by the water. With the attack of Thr399 Oγ on the Glu398 C, the carbonyl carbon might adopt a tetrahedral arrangement and the collapse of the tetrahedral arrangement of Glu398 C shifts the linkage from an amide bond between Glu398 and Thr399 to an ester bond between the carbonyl group of Glu398 and the side-chain oxygen atom of Thr399 (N--O acyl shift). The intermediate ester bond formed by N--O acyl shift is subsequently hydrolyzed to generate the L- and S-subunits. It is worth noting that Glu398 O is hydrogen-bonded to the N atom of Leu421, which may help stabilize the orientation of Glu398 O. The conservation of this hydrogen bond in T398Q could be the major reason for the proper processing of the enzyme precursor. In contrast, the hydrogen-bonded interaction is abolished upon the replacement of Thr399 by Ala, Asp, and Lys ([Fig. 6](#fig0006){ref-type="fig"}(B)--(D)). The loss of this interaction in T399A, T399D and T399K would alter the microenvironment around amino acid position 398 and such changes could be responsible for the delayed or prevented autocatalysis.

In conclusion, a glutamate residue Glu398 required for the autocatalytic processing of *Bl*GGT was identified by bioinformatics approaches. Amino acid residues located at the corresponding position have been proposed to be critical for the creation of the conformational strain at the cleavage site of some members of Ntn-hydrolases \[[@bib37],[@bib38]\]. Our current investigations implicate that Glu398 might play a consistent role in the generation of the proper conformation at the cleavage site of *Bl*GGT. The experimental results also provide a solid foundation for further studies on other amino acid residues that participate in the maturation of GGT precursors.

4. Experimental procedures {#sec0008}
==========================

4.1. Materials and growth conditions for *Escherichia coli* strains {#sec0009}
-------------------------------------------------------------------

Mutagenic primers were synthesized by Mission Biotechnology Inc. (Taipei, Taiwan). A QuikChange II site-directed mutagenesis kit was obtained from Stratagene (La Jolla, CA, USA). Nickel nitrilotriacetate (Ni^2+^-NTA) was purchased from Qiagen Inc. (Valencia, CA, USA). Determination of transpeptidase activity was performed with [l]{.smallcaps}-γ-glutamyl-*p*-nitroanilide ( [l]{.smallcaps}-γ-Glu-*p*-NA), Gly--Gly and *p*-nitroaniline (*p*-NA), which were acquired from Sigma--Aldrich Chemicals (St. Louis, MO, USA). Protein assay reagents, acrylamide, bis-acrylamide, TEMED, and ammonium persulfate were brought from Bio-Rad Laboratories (Hercules, CA, USA). Unless indicated otherwise, all other chemicals were of the highest purity available.

*Escherichia coli* strains were grown aerobically in Luria-Bertani (LB) medium at (1% bactotryptone, 0.5% yeast extract, and 1% NaCl; pH 7.0) at 37 °C. As required, antibiotics ampicillin and kanamycin were supplemented to LB medium at a final concentration of 100 and 25 μg/ml, respectively.

4.2. Site-directed mutagenesis and protein analyses {#sec0010}
---------------------------------------------------

Plasmid pQE-*Bl*GGT \[[@bib14]\] was used as a template for site-directed mutagenesis. Two overlapping complementary primers containing the desired nucleotide changes were designed for each mutation ([Table 1](#tbl0001){ref-type="table"}). Four variants (E398A, E398D, E398K and E398Q) were constructed by a QuikChange II site-directed mutagenesis kit according to the manufacturer\'s protocol. Mutations were confirmed by DNA sequencing, which was carried out with dye terminator cycle sequencing and an automatic DNA sequencer. The verified plasmids were designed pQE-*Bl*GGT/D398A, pQE-*Bl*GGT/D398D, pQE-*Bl*GGT/D398K and pQE-*Bl*GGT/D398Q, respectively.

Wild-type and mutant enzymes were over-expressed in recombinant *E. coli* M15 cells and purified as described previously \[[@bib45],[@bib46]\]. Protein purity and autocatalytic processing were checked by SDS--PAGE with the Laemmli buffer system \[[@bib47]\]. Protein concentrations were determined using the Bio-Rad protein assay reagent and bovine serum albumin as a standard protein.

4.3. Activity assay and determination of kinetic parameters {#sec0011}
-----------------------------------------------------------

The standard GGT activity was assayed at 40 °C with [l]{.smallcaps}-γ-Glu-*p*-NA as the γ-glutamyl donor substrate and the dipeptide Gly--Gly as the acceptor substrate \[[@bib14]\]. The reaction mixture contained 1.25 mM [l]{.smallcaps}-γ-Glu-*p*-NA, 30 mM Gly--Gly, 1 mM MgCl~2~, 50 mM Tris--HCl buffer (pH 9.0), 20-μl enzyme solution at a suitable dilution, and enough distilled water to bring the final volume to 1 ml. After the incubation period of 10 min, the enzymatic reaction was quenched by the addition of 100 μl acetic acid (3.5 N) into the solution. The formation of *p*-NA was recorded by monitoring the absorbance changes at 410 nm. One unit of GGT activity is defined as the amount of enzymes that release 1 μmol of *p*-NA per minute under the standard assay conditions.

The *K*~M~ and *k*~cat~ values were estimated by measuring *p*-NA production in 1 ml reaction mixtures with various concentrations of [l]{.smallcaps}-γ-Glu-*p*-NA (0.1--2.0 *K*~M~) and a fixed concentration (30 mM) of Gly--Gly in 50 mM Tris--HCl buffer (pH 8.0). To estimate the kinetic constants, a Lineweaver--Burk plot was fitted using GRAF4WN softwares. All the reactions were performed at least three times.

4.4. Circular dichroism (CD) {#sec0012}
----------------------------

All far-UV CD studies were performed on a JASCO-815 spectrometer equipped with a temperature-controlling liquid nitrogen system. Protein samples were adjusted with 50 mM Tris--HCl buffer (pH 9.0) to a concentration of approximately 12.4 μM before the spectral analyses. Far-UV CD spectra were taken over the wavelength range from 190 to 250 nm with a 2-mm path length cell. The photomultiplier absorbance was always controlled below 600 V in the analyzed region. Ten spectra were averaged for each protein sample and the obtained data were carefully corrected by subtracting buffer contribution from parallel spectra in the absence of protein. The data were expressed as molar ellipticity (deg cm^2^ dmol^−1^) based on a residue number of 612 and a mean molecular weight (MRW) of 65.9 kDa. Molar ellipticity was calculated as \[ *θ*\] = \[100 × (MRW) × *θ*~obs~/(*c* × *l*)\], where *θ*~obs~ represents the observed ellipticity in degree at a given wavelength, *c* is the protein concentration in mg/ml, and *l* is the length of the light path in cm.

Temperature-induced unfolding of wild-type and mutant proteins (12.4 μM each) in 50 mM Tris--HCl buffer (pH 9.0) was followed by monitoring the change in ellipticity at 222 nm. Protein samples were heated with a scan rate of 2 °C/min. The changes in ellipticity ( *θ*) at 222 nm were analyzed according to [Eq. (1)](#eq0001){ref-type="disp-formula"} \[[@bib48]\].$$\begin{array}{l}
{\theta_{222} =} \\
\frac{\theta_{N} + \theta_{U} \cdot \exp\left\lbrack {- \frac{\Delta H_{U}}{RT} \cdot \left( {1 - \frac{T}{T_{m}}} \right) + \frac{\Delta C_{PU}}{RT} \cdot \left( {T\ \ln\left( \frac{T}{T_{m}} \right) + T_{m} - T} \right)} \right\rbrack}{1 + \exp\left\lbrack {- \frac{\Delta H_{U}}{RT} \cdot \left( {1 - \frac{T}{T_{m}}} \right) + \frac{\Delta C_{PU}}{RT} \cdot \left( {T\ \ln\left( \frac{T}{T_{m}} \right) + T_{m} - T} \right)} \right\rbrack} \\
\end{array}$$

where *θ*~222~ is the relative ellipticity at 222 nm, *θ~N~* and *θ~U~* are the calculated ellipticities of the native and unfolded states, respectively, Δ*H~U~* is the free enthalpy of unfolding, Δ*C~PU~* is the heat capacity of unfolding, *T*~m~ is the transition midpoint temperature, *T* is temperature, and *R* represents the universal gas constant.

4.5. Fluorescence spectroscopy {#sec0013}
------------------------------

Fluorescence spectra of *Bl*GGT and its variants were monitored at 25 °C in a JASCO FP-6500 fluorescence spectrophotometer with an excitation wavelength of 280 nm. All spectra were corrected for the contribution of 50 mM Tris--HCl buffer (pH 9.0). The fluorescence emission spectra of protein samples with a concentration of 12.4 μM were recorded from 300 to 400 nm at a scanning speed of 240 nm/min. The maximal peak of fluorescence spectrum and the change in fluorescence intensity were used in monitoring the unfolding processes of parental and mutant proteins. Both the shift of wavelength and the change of fluorescence intensity were analyzed together using the average emission wavelength (AEW) \[[@bib49]\].

4.6. Guanidine hydrochloride (GdnHCl)-induced unfolding {#sec0014}
-------------------------------------------------------

Wild-type and mutant *Bl*GGTs were unfolded with different concentrations of GdnHCl in 50 mM Tris--HCl buffer (pH 9.0) at room temperature. An incubation period of 30 min was initially found to be sufficient for the unfolding process. Unfolding curves of CD and fluorescence spectroscopy were subsequently used to calculate the thermodynamic parameters by global fitting of the experimental data. The two-state unfolding model was described by [Eq. (2)](#eq0002){ref-type="disp-formula"} \[[@bib50]\].$$\begin{array}{l}
{y_{obs} =} \\
\frac{(y_{N} + m_{f}\lbrack D\rbrack) + (y_{U} + m_{u}\lbrack D\rbrack) \cdot \exp\lbrack - (\Delta G_{\text{N} - \text{U}}^{H_{2}O} - m\lbrack D\rbrack)/RT\rbrack}{1 + \exp\lbrack - (\Delta G_{\text{N} - \text{U}}^{H_{2}O} - m\lbrack D\rbrack)/RT\rbrack} \\
\end{array}$$

Then, \[GdnHCl\]~0.5,N--U~ could be calculated by the equation below:$$\left\lbrack {GdnHCl} \right\rbrack_{0.5,{N - U}} = \frac{\Delta G_{\text{N} - \text{U}}^{H_{2}O}}{m}$$

where *y*~obs~ is the observed biophysical signal (molar ellipticity for CD and AEW for fluorescence spectroscopy), *y*~N~ and *y*~U~ are the intercepts, *m~f~* and *m~u~* are the slopes of the pre- and post-transition baselines, *T* is temperature, *R* is the universal gas constant, \[*D* \] is the concentration of GdnHCl, ${\Delta G}_{N - U}^{H_{2}O}$ represents free energy change for the N → U process, and *m* is a measure of the dependence of Δ*G* on GdnHCl concentration.

4.7. Precursor autoprocessing {#sec0015}
-----------------------------

The purified samples (500 μl) at a protein concentration of approximately 0.94 mg/ml were incubated at 4 °C and 16 μl was removed at fixed time-intervals. The autoprocessing reaction was stopped by boiling the sample for 3 min and the samples were subsequently subjected to SDS--PAGE analysis. The electrophoresed gels were stained with Coomassie Brilliant Blue R-250 and the exposure time for the gel stains was set at 10 min to unify the conditions and to reduce the possibility of overexposure. The amounts of the unprocessed *Bl*GGT precursor were quantified by densitometry using CP ATCAS 2.0 program (<http://www.lazarsoftware.com>). The scanned intensity of the *Bl*GGT precursor band was plotted against time and processing percentages were calculated from the single-exponential fit.

4.8. Computer modeling {#sec0016}
----------------------

Construction of molecular models, structure optimization, and conformational analyses were carried out with the Discovery Studio 1.7 (Accelrys Inc., Burlington, MA, USA) using the CHARMM empirical force field \[[@bib51]\]. The molecular structure of *Bl*GGT precursor protein was firstly constructed at SWISS MODEL Server \[[@bib52]\] with the X-ray crystal structure of *Ec*GGT (PDB code: 2EDW). The modeled structures were further energy minimized at iterated 500 cycles using the Steepest Descent methods and finally convergence at 0.002 kcal/mol Å.

Appendix. Supplementary material {#sec0018}
================================

Fig. 1SIntrinsic tryptophan fluorescence emission spectra of *Bl*GGT and its varians.Fig. 2SAutocatalytic processing of *Bl*GGT and its variants. Approximately 56 μg proteins/ml in the elution buffer was incubated at 4 °C for a period of time. Aliquots (20 μl) were withdrawn at the indicated intervals for SDS--PAGE analysis. Lanes: M, protein size marker; 1, *Bl*GGT; 2, E398A; 3, E398D; 4, E398K; and 5, E398Q.
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![The proposed mechanism for the autocatalytic processing (A) and sequence alignment of GGT enzymes surrounding Glu398 and Thr399 of *Bl*GGT (B). The deduced amino acid sequences for *Bl*GGT (Swiss-Prot Q62WE3), *Bacillus pumilus* GGT (*Bp*GGT; Swiss-Prot F8SVM6), *Bacillus subtilis* GGT (*Bs*GGT; Swiss-Prot P54422), *Bacillus amyloliquefaciens* GGT (*Ba*GGT; Swiss-Prot F4ELE6), *Thiobacillus denitrificans* GGT (*Td*GGT; Swiss-Prot Q3SJ07), *Ec*GGT (Swiss-Prot P18956), *Labrenzia aggregate* GGT (*La*GGT; Swiss-Prot A0NWX8), *Hp*GGT (Swiss-Prot O25743), *Pseudomonas aeruginosa* GGT (*Pa*GGT; Swiss-Prot Q91406), and *Gt*GGT \[[@bib28]*\]* are shown. Gaps in the aligned sequences (dashes) were introduced to maximize similarity. The vertical arrow shows the putative cleavage site and the nucleophilic threonine residue is indicated by an open triangle.](gr1){#fig0001}

![Analysis of *Bl*GGT and its variants by SDS--PAGE. Lanes: M, protein size marker; 1, *Bl*GGT; 2, E398A; 3, E398D; 4, E398K; and 5, E398Q.](gr2){#fig0002}

![CD analyses of wild-type and mutant *Bl*GGTs. (A) Far-UV spectra of *Bl*GGT and its variants. The data were recorded at 22 °C and residual molar elliticities of the protein samples in 50 mM Tris--HCl buffer (pH 9.0) were measured from 190 to 250 nm. (B) Temperature-induced denaturation of *Bl*GGT and its variants. The protein samples in 50 mM Tris--HCl buffer (pH 9.0) were monitored with the CD signal at 222 nm.](gr3){#fig0003}

![GdnHCl-induced denaturation of *Bl*GGT and its variants. (A) Changes in intrinsic tryptophan fluorescence of the tested proteins as a function of GdnHCl concentration. Data are represented as the AEW, taking the value observed for native protein in absence of GndHCl as the control. (B) GdnHCl-induced changes in the secondary structures of *Bl*GGT and its variants as monitored by the negative ellipticity of the protein sample at 222 nm.](gr4){#fig0004}

![Autocatalytic processing of *Bl*GGT and its variants. The protein samples were incubated for a period of time and aliquots were withdrawn at the indicated intervals for processing analysis (A) and GGT activity assay (B).](gr5){#fig0005}

![The local structures around the autocatalytic site site of *Bl*GGT and its variants. These structures were constructed on the basis of the crystal coordinate structure of *Ec*GGT T391A protein. After the computer modeling, the respective structures were plotted by the program PyMOL. Panels: (A) superimposition of *Bl*GGT and T399A protein; (B) E398A; (C) E398D; (D) E398K; and (E) E398Q.](gr6){#fig0006}

###### 

Overlapping complementary primers used in the site-directed mutagenesis.

  Protein   Nucleotide sequence (5′ → 3′)[a](#tblfn1){ref-type="table-fn"}   Codon change
  --------- ---------------------------------------------------------------- --------------
  E398A     (f)-AAAACGATCGGG[GCG]{.ul}ACGACGCATTTT                           GAG → GCG
            (r)-AAAATGCGTCGT[CGC]{.ul}CCCGATCGTTTT                           
  E398D     (f)-AAAACGATCGGG[GAC]{.ul}ACGACGCATTTT                           GAG → GAC
            (r)-AAAATGCGTCGT[GTC]{.ul}CCCGATCGTTTT                           
  E398K     (f)-AAAACGATCGGG[AAA]{.ul}ACGACGCATTTT                           GAG → AAA
            (r)-AAAATGCGTCGT[TTT]{.ul}CCCGATCGTTTT                           
  E398Q     (f)-AAAACGATCGGG[CAG]{.ul}ACGACGCATTTT                           GAG → CAG
            (r)-AAAATGCGTCGT[CTG]{.ul}CCCGATCGTTTT                           

The altered codons were underlined.

[^1]: These authors contributed equally to this work.
